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ABSTRACT: Phase coherence behavior in thin films of a diblock copolymer that exhibits microphase separation
upon heating in the bulk has been analyzed through a proper mean-field free energy functional based on a
compressible random-phase approximation theory. Phase coherent profiles at equilibrium and their decay lengths
were obtained analytically for those copolymer films. Taking deuterated polysthrpob{n-propyl methacrylate)

as a model system, molecular parameters characterizing the copolymer were shown to yield the growing tendency
of surface segregated or phase coherent profiles upon heating. Neutron reflectivity measurements were performed
for the copolymer films to be compared with theory. Phase coherence prior to bulk ordering temperatures and
subsequent decay lengths observed for the given system were shown to be in agreement with theory.

Introduction analytical Landau free energy density for thin block copolymer

films that is amenable to capture a global overview of nano-

patterned films in various ways.It is a central concept in all

of the works that a composite paramelés=, whereN and yr

are the copolymer chain size and Flory’s interaction parameter,

microphases. Most block copolymers have been known to respectively, forms a relevant parameter to describe the phase

exhibit a microphase separation from a disordered state to anbehawor of block copolymer systems.

ordered state upon cooling, which is referred to as the upper The theories mentioned above are based on the common
order—disorder transition (UODT). The unfavorable interactions assumption of system incompressibility. However, there have
between dissimilar monomers comprising a given block co- been numerous recent findings that strongly address a clear need
polymer are considered to be the cause for such behkvAor. for finite compressibility to interpret the compressible nature
There have been in recent decades extensive theoreticaRnd the pressure effects of block copolymers. The relevant
developments including Leibler's Landau apprd&ichanalyze findings include ordering upon heating, which is referred to as
the microphase separation behavior and transitions betweerlower disorder-order transition (LDOT) phenomena, in styrenic
equilibrium microstructures for molten block copolymers or block copolymer melts and film¥' 17 baroplastic copolymers
systems containing block copolymers in the weak to strong to utilize pressure-induced floW, 23 and loop-forming block
segregation regime*5 There have been also numerous publica- copolymerg%23-26 Prior to the discovery of loop forming block
tions regarding the phase behavior of block copolymer fims. copolymers, the LDOT and baroplastic character of styrenic
Among them, surface ordering or phase coherence phendfena block copolymers have been attributed to the difference in
were investigated first by Fredricksband later by Tang and ~ monomer structures by Freed and co-workers in their lattice
Freed® in the weak segregation regime. More thorough self- cluster modéT or to the difference in pure component properties
consistent field calculations, particle-based and field-theoretic by Ruzette and Mayes in a simple phenomelogical mé&tkel.
simulation studies have appeared in the polymer literature to However, a unified view of the LDOT, loop, and baroplasticity
understand complicated nanopatterns of the copolymer meltsin those styrenic block copolymers has been provided in a recent
and films1-611.12very recently, Angerman et al. developed an series of works by one of the present authors on a compressible
random-phase approximation (RPA) thedty?* Finite com-
pressibility was incorporated into the theory through effective

Phase separation behaviors of melts and thin films of block
copolymers have drawn tremendous interest in the polymer
community. Block copolymers exhibit nanoscale self-assembly
behavior to form microscopically ordered structures called

* To whom correspondence should be addressed. E-mail: jhcho@dku.edu

(3.C.), kwshin@sogang.ac.kr (K.S.). RPA interactions, which is obtained from a molecular equation-
* Dankook University, and Hyperstructured Organic Materials Research of-state model by Cho and Sanchez—§)353% The yr was
Ceftsec:-gang University reinterpreted agr = yapp +comp Where yapp is the density
s Kyungpook National University. dependent dimensionless exchange energyangrepresents
' Sejong University. compressibility difference between constituent blocks.
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It is clear that the incompressible approaches are incapable ofin eq 1B,T11; and the other two are evaluated for the three
predicting or interpreting phase coherence in those copolymerwave vectors forming an equilateral triangle, and tiusgs

films with selective surface fields. More detailed molecular
information is needed to be put ingg for such purposes. Here,
it is our objective to suggest a theoretical framework to solve

vanishing for lamellae. Itis to be seen in the following paragraph
thatI';> andI'z; are directly related to proper phenomenological
terms. The two contributiond;1,4/T»>; and A, are the main

the problem at hand. We employ an effective Landau free energycorrections to the free energy due to the compressibility

density from our compressible RPA theory. The free energy
density is manipulated by using the Ohtdawasaki-type
approach?® to obtain a real-space free energy functional, and
surface-monomer interactions are considered to act as an
external field. Minimization of the free energy functional yields
the Euler-Lagrange equation, which is analytically solved in a
linearized fashion for the films of symmetric block copolymers
in the weak segregation regime. Taking LDOT-type baroplastic
diblock copolymer from deuterated polystyrene and pely(

propyl methacrylate) as a model system, it is shown that requisite
molecular parameters characterizing block components readily

yield the phase coherence behavior of the copolymer films,
which is in agreement with neutron reflectivity results. Fur-
thermore, the concept in the present approach to includ
molecular information can be implemented into other phenom-

enological theories such as the Landau theory by Angerman et

al3 or a more elaborate self-consistent field theory.

Theory

Let us consider A-B diblock copolymers of chain sizN
with N; monomers of-type. Copolymer chains are assumed as
perturbed hard sphere chains of uniform size a continuum.
The nonbonded perturbeg-interactions are characterized by
€. A hard-core volume fraction éfmonomers on the copolymer
chains is defined by; = Ni/N. We denotey; as the fraction of
free volume in the system, ang = 1 — #; as the total

difference between block components.

In eq 1,T14(q%)/ 17 = 2¢s — 2yappWhen evaluated at the ground
stateq*, where 25 is the combination of the pair correlation
functionsSj)’s of noninteracting Gaussian-AB copolymers as
2s = YnS(a¥)/det[S(g¥)]. The symbol yap, denotes the
density-dependent dimensionless exchange energsgss
(BhAel2)|u(n)|, whereAe = [e11 + €22 — 2¢17] is the exchange
energy andi(y) describes the density dependence of nonbonded
perturbed interactions in the-&S modet®>3® asu(y) = 4[(y/
C)4*—(y/C)2y3 with y = 1/v/2 andC = n/6. The symboh,
implies the number of nonbonded nearest neighbors, wiere
~ 10 in dense polymeric liquids. In our previous woPks?

e XcompWas introduced ageomp= ['12/2nT 2 and then the effective

Flory interaction parameterr asyr = yapp T Xcomp It Was
recently identified that for a symmetric copolymer in the long
chain limityI'12 = fv*(9PI0@)T., 7°T'22 ~ [Bro*, and thenycomp

~ v*(9Pld¢)%nBr, wherev* is the volume of one monomét.
The (©@P/o¢)r,, represents the disparity in equation-of-state
properties between constituents aBg the isothermal bulk
modulus. By the Maxwell relations, it can also be shown that
[12T2, ~ —(3y/d¢1)7p. Therefore, the contributions pertinent
to compressible systems appearing in quadratic and cubic terms
are converted to bulk thermodynamic quantitied 1 or (oP/
d¢)t, is absent,ycomp and A disappear, andF/y in eq 1
becomes mathematically identical to the free energy of Leibler,
except that the density dependem, is used insteadt

dimensjonless Qensity of a!l the monomers present. In a Landau To obtain a real-space free energy functional for copolymer
analysis, the differencéF in free energies between ordered fins the free energy expression in eq 1 is further approximated

and disordered states is expanded as a power series in the twi

order parametersp(f) andy(f), where the former is given
from the thermal average of the differences between the local
densityz;(r) and the global densityg; of i-monomers ag(r)

= a(Nin — oall2 — () — ¢sll2, and the latter from
that between the local free volume fractigitr) and the global
onens asy(f) = —(F) — n:] The free energy can then be
written aspoF = Yo_,(L/ml) [d...dml T, | i, i, With the
Fourier-transformed);, wherel'™is the propemth-order vertex
function. The Fourier space variabipphysically means the
scattering vector, whose magnitude is wave number. This

Landau expansion is first approximated as the sums containing

only the most important contributions from the fastest growing
characteristic waves. After the minimization procedure is
undertaken forp,, the Landau free energy expansion can then

be cast back into the continuum space expressions as a serie

in only 11 up to the quartic-order now with the effective vertex
coefficients3! Mathematically stated,

1, = - 5= .= = .
POF = Equl [[yy — Ty, Wa(@) Wo(—y) +
1. s,
gfd(hd% [T11; — AW (@)W (G W(—T;y — ) +

1 e e T ATy = N (= VT = T = = =
a qulququFlllllpl(ql)lpl(qZ)lpl(qS)lpl(_ql —0;—0y)
(1A)

whereA in eq 1A is written explicitly as

A= [fllz + l:121"' f21ﬂq1,qz, g, —qp %< [|f12|/f22] Gy — 0 (1B)

th an Ohta-Kawasaki-type approad The effective second-

order vertex function is treated &§T'1; — T122/T20)/n ~ Al

+ B — %, whereA and B are, respectively, given a& =
3:%(1 — ¢)°Ry? and B = (Ry%/2¢4)(1 — ¢) with the gyration
radiusRy. They in this expression is given gs= 2Nyr(q*) —
2Nys + V/3/[p(1 — ¢)]32. For the simplicity of the analysis, we
assume a one-dimensional lamellar ordering of the symmetric
copolymer, which removes the effective third-order vertex
function term in eq 1. The free energy functional in real space
for the films with thicknes$. R, can be shown to possess a term
with the Green functiorG(x—x') (from A/g?) and the square
gradient term (fronBcf). The surface interactions for the films
are treated as the external field term/“?, fH= O(x +
L/2)y41(x), added into the free energy functional, whéie
describes the extremely short-ranged surfanenomer interac-
flons acting at the position= +L/2. The standard minimization

of the obtained free energy functional yields the Eulesgrange
equation. It needs to be noted that a Lagrange multiglitar

the material balances{(r) d® = 0) is required in the
formulated EulerLagrange equation. The boundary conditions
are then as follows:—fH. + B dy,/dx = 0 atx = +L/2. We

are interested in the phase coherence transition prior to bulk
ODT, so that by adopting the simplest form of the Green
function asG(x—x') = x — X' if x > X, and zero otherwise, the
linearized solution of the given Eulet.agrange equation can
be obtained &9

() = (A, cosQx + A, sinQx) +
e “5(A._ cosQx+ A, sinQx) (2)
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Table 1. Characteristics of Deuterated Polystyrends-poly(n-propyl angle for total reflection, the reflectivityR(q,), is expressed
methacrylates) (D-PS-PPrMA) essentially as
sample Mn PDI #o-ps  Ry(A)2 LDOT (°C)
H 135000 1.02  0.50 92 193199 dSLD@ . >
M 119600 1.02 051 87 295 R(a) DR f @ PEia) 4)
L 75300 1.02 0.53 69 disordered
a R, were approximated by 6/(N/6) (in A). ® Determined by rheom- whereRe is the Fresnel reflectivity at an infinitely sharp interface
etry and small-angle neutron scattering. See ref 40. and BLD(2)/dz is the gradient of neutron scattering length density

(SLD, SLD(2) = Y hbini, whereb; is the scattering length and is
where a transformation of + L/2 — x has been done in eq 2.  the number density of atomic species i of the sample along the
The £ andQ are, respectively, the decay length and the wave Surface normal. Thus, by reflectivity measurement, it is possible

number of the developed profile, which are defined, respectively, {0 detect even a very small variation of the segregated polymer
as layers, which induce the SLD gradient to tkelirection. This

contrast can be easily achieved due to the difference in the scattering
- - length of the isotopes of hydrogemy = —3.74x 1075 A andbp
_ 4Bl7s o= J¥ [14Z = 6.67 x 1075 A. The SLD values for D-PS block, PPrMA, and
§=A/1C g 2Ny ) silicon are 6.42« 105 A2, ~0.67 x 106 A2, and 2.07x 10-5
A-2, respectively. We repeatedly scanned the reflectivity to monitor

L - . the formation of phase separated lamellar layers upon heating. To
with s = 2V AB. The four coefficients of eq 2 can be given  anayze the reflectivity data, the recursive Parratt formalism was

from 41(0), 1'(0), and®, as is written in the Appendix. The  ysed. The fitting muitilayered modeling process can be found
composition profile given in eq 2 along with the necessary elsewheré83 We systematically varied and then optimized the
coefficients and the decay length are now ready to be evaluateditting parameters such as SLD, interfacial roughresand layer

for phase coherent block copolymer films. thicknessd until 2 (chi-square) error was minimized.
Experimental Procedures Results and Discussions

Materials and Sample Preparation. Deuterated .polysty- Phase Coherence in Compressible Diblock Copolymer
reneblockpoly(n-propyl methacrylates) (D-PSPPrMA) with sym- Films. Our model system for compressible block copolymer

metric composition were synthesized by the sequential, anionic fjims chosen here is deuterated polystyréngsly(n-propyl
polymerization of deuterated styrene angropyl methacrylate  othacrylate) (D-PSPPrMA). These copolymers with molec-
in tetrahydrofuran at-78 °C in the presence of LiCl under puri- ular weightsMs of 135 000, 119 600, and 75 300 exhibit LDOT

fied Ar usingsecBuLi as an initiator. The characteristics of the . .
samples produced in such a way are listed in Table 1. Prior to spin- of ~190 and~225°C and no ODT at 0.1 MPa, respectivefy.

coating, the silicon wafers (5 mm thick, 76 mm diameter) For simplification purposes, the copolymers are taken to be
were placed in a HF buffered solution to remove the native oxide Perfectly monodisperse and symmetric. To characterize B-PS
layer and then placed into a UV/ozone cleaner for 20 min to reform PPrMA, various molecular parameters are required, which
the oxide surface. By this method, typical 20 A thick oxide layers include €;, i, and N; for pure polymers, ang; for cross
were expected as previously reporfdA series of the diblock interaction between different polymers. Those parameters for
copolymers were spin cast from toluene solutions on the silicon the PS block are obtained from the best fit of the CS equation
wafers. The polymer radius of gyratiolRg in Table 1 is esti- of state to volume data by Quach and Simha; = 4.04 A,
mated byR, = 6.7 A(NJO)2 whereNe s a sum of the polymer- 1, .\ i = 4107.0 K, andNyM(o%6) = 0.41857. The PPIMA
ization indices of two blocks. The film thickness was controlled to block is characterized by, = o1, hyez/k = 3835.1 K, andNa/

gglutioﬁ??rhé ﬁt;?]/qSvevlvrglrr;gthp;?]lyg::;n?:;sedfﬁtlﬁnvsaéﬂutﬂc:luégne M(c3/6) = 0.41020, which were determined from best fitting
90 °C to evaporate any residual solvents that remained in the the equation of state to the volume data of PPrMA by Z&ler
films. while fixing o, = o1. The cross interactiog; is interpreted as
Neutron Reflectivity. Specular reflectivity measurements were a kind of free energy to account for the weak directional
performed on the NG7 neutron reflection spectrometer at the NIST interactions between the phenyl groups of the PS block and the
Center for Neutron Research at the National Institute of Standardsester groups of the PPrMA block, as was done in the previous
and Technology with a wavelengtiof 4.76 A and aAg/q of 0.04. analysis on the loop-forming D-PS-pahypentyl methacryaltes)

In order to monitor in situ phase transition phenomena as a function 5nq the LDOT-type D-PS-polg{alkyl methacrylates) with ethyl
of temperature, a specially designed high-temperature cell was used%g n-butyl side group§24°¢; — €; + de — KT In[O(1 + &)].

the sample is secured against a large copper heating block, centere ere e represents the nonpolar cross interaction aadhe
inside an aluminum enclosure. The aluminum sidewalls allow the N po! . . . .
neutron beam to pass through with single-crystal windows. A turbo €N€rgy increment due to the directional interactions. The ratio

pump is attached to the cell, yielding a pressur® of 10-6 mbar, of the statistical degeneracies of nonpolar and directional
while a top lid is screwed on securely, maintaining a high vacuum interactions is denoted ds This ratio is simply fixed to 11,
condition in order to reduce background scattering and protect the implying that the specific interaction pair is formed only in the
sample from oxidation at high temperature. A thermocouple reads limited range of spatial arrangements of two dissimilar mono-
the temperature of the copper heating block, and a feedback loopmers. The symba¥ represents the fraction of the total number
ensures that the sample is held at the proper temperature. Duringof cross-contacts that are directional, which satisfies the
4 h of a typical neutron reflectivity scan, the temperature was Bo|tzmann statistics a8 = [1 + ¢ exp(~de/kT)]~L. The bulk
Fimulancousl ecorded and deviaions o he SEt O WeTE ODT data are used to determing (= 0.98505(sxz9) and
A d¢ (0e/lk = 68). The chosen set of molecular parameters yields

\t/s;psgttlgzgons;(i)f - The annealing time before the measurements the bulk LDOT of 180 and 226C for the copolymers withv

For the specular reflection, the scattering veotpss ki — ki, is of 135000 N = 2693.2) and 119 600N(= 2386.0), respec-
only in thez-direction which is normal to the interface. Singe= tively, which are in good agreement with the experimental values
gy = 0, it is given byq, = (4x/A)sina;, whereq; is the incident of 190 and 225°C for those copolymers. No ordering is
angle. By the Born approximation gt> 4q., whereq is the critical predicted for the copolymer witM of 75 300 N = 1502.2),
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purposes, an antisymmetric situation is depicted in Figure 2d,
where the surface fields are takenthgeps= —0.12 andH./
eps= 0.12. In this case, the film adjusts itself to revealing 10
alternating layers in order to accommodate the antisymmetric
character.

In Figure 3, the theoretical decay lengthof the surface
segregated or phase coherent pattern of the copolymer films
with three differentMs is plotted as a function of temperature
at ambient pressure. Thgis reduced to be dimensionless by
multiplying it by the wave numbego of the equilibrium bulk
A ] profiles @ = Q¥ — ¥9)- It is re-emphasized that the phase
3 N A I I AT N demixing tendency is increased in this copolymer along with

0 100 200 300 400 500 the increase of temperature because of the entropic penalty to
T(°C) form directional interactions. This procedure results in the
Figure 1. Effective Flory interaction parametéye, for D-PS-PPrMA increasing decay length with temperature. In the present mean-
with M = 119 600 at ambient pressure plotted against temperature. Infield picture, & diverges at the mean-field spinodals of the
addition, Nyapp and NycomdNyapst Nycomp = Nyr) are drawn together.  copolymer. As the decay lengghis independent of the surface
field parameteH=, a direct comparison of theoreticélwith
experimental values is possitfte.

12

as in the experiments. The directional interaction is considered
to be the main source of the observed LDOT. ) o )
We first show the behavior dyapp Nycomp andNye for the Interpretation of Ne_ut_ron Reflectivity Datg. In Figure 4a,
copolymer withM = 119 600 as a function of temperature at e Plot neutron reflectivity resuits as a functiongpfor D-PS-
0.1 MPa. The input directional interaction renders the system PPrMA thin films with a molecular weight of 119 600. The
favorable in its energetics at lower temperaturézapy < 0 different curves correspond to different annealing temperatures
below ~100 °C, which then yieldsNyr < 0 below ~50 °C. as indicated in the figure. The solid lines together with the
The demixing tendency gradually grows with the increase of sympols are.the bes_t-fits obtained b_y the correspondi_ng volume
temperature before reaching degradation temperafe 4s fraction proflllt.as, which are shown in .Flgure 4p. A nine-layer
depicted in Figure 1. This behavior is caused by the fact that mpdgl on'asnlcon subs'trate, representing a mqltllayered polymer
the entropic penalty to form directional interaction pairs is harder thin film in an alternating sequence of two different polymer
to overcome with more input of thermal energy, which is Dlocks, D-PS and PPrMASI(ds;, ss)/SiO(0sio, Ssio, dsio)/P1-
reflected by the behavior dyapp It is seen thaNyeompis quite (0P Sp2 pd/P2(0p2 Sea, dp2)/Ps(ps, Sea dpg)l..... Pe(dps Ses,
large because of the difference between self-interactians; dpg)/Po(0pg Spe, dpg)/vacuum was used, whedds the scattering
€22, and therdP/dg. This largeNycompis the source of baroplastic length density (SLD)s; is the interfacial roughness, anigis
behavior of this copolymer, as the applied pressure increasesne thickness for given layers. Note that an oxide lay0j
Br to yield the diminishedNycomp and accordinglyNye. It is of 20 A, adjacent to th&i substrate, is also taken into account,
predicted that the copolymer ™ = 135 000 reveals T por/ besides the polymer layer®y(.g). During the fitting process,
dP ~ 104°C/100 MPa, while the experiments by Mayes and 0 S,andd of Py, Py, Ps, P, andPs layers, which are close to
Russell give d por/dP ~ 90 °C/100 MP&*3 an asymmetric mediunPq, P,, andP3 for SiO surface andPs
Using the theory, the profiles formed in the copolymer film @nd Ps for vacuum) were independently floated, in order to
with certain external fieldsHz) acting at its surfaces can be include the structural abnormalities which might be induced by
simulated at temperatures prior to ODT, where the bulk the presence of boundary surfaces. On the other Feawidd
copolymer melt is in the disordered state. The surface field Of P4 @ndPs were constrained witRs and P, respectively, in
parameteH. (or H_ ) can better be described as the difference order to simulate the perlodlc nature of the Iamella_layenng
between substrate/A- and substrate/B-block interactions. TheSyStem. As noted earlier, all the layers were considered as
free surface is treated as a pseudo-substrate. Suppose for thi'dependent and possessing a certain interface profile. When
copolymer ofM = 119 600 withL/R, = 14 that tentative the interfacial roughness is larger than the thickness of its
asymmetric surface fields preferential to the PPrMA block with Underlying layerg > dy), the total density profile can produce
H_/eps= —0.12 andH,/eps= —0.01 are acting on the substrate/ a discontinuousmodel profile, which is not realistic in nature.
polymer and the vacuum/polymer sides, respectively. These!n or_der to generate contlnuo_us t_otal model profiles from the
surface fields then produce first the surface segregation &1cl57 Multilayers P1~Pg) as shown in Figure 4b, we employed the
and 0.1 MPa shown in Figure 2a. Ab+ /epsvalues suggest, effective-density calculation, instead of the classical box
it is seen that the surface segregation on the right is weakerModel® In this method, we first guess the whole profifz)
than that on the left. Such a tentative valuehbf is taken with the hyperbolic tangent function for each interface, and then
because of the affinity between silicon oxide and methacrylate €ach layer profile is sliced into very thin layers] A thickness)
blocks and so isH; because of the information on surface with uniform dispersions and sharp interfaéé3herefore, the
tensiony of the two blocks, whereppma is slightly smaller reflectivity could be calculated using the Parratt formalism.
than yps Raising the temperature to 2% for the same At T=150°C (T < Tpor), the reflectivity spectrum exhibits
copolymer film makes the system reveal the phase coherenta single periodic oscillation corresponding to total film thickness,
profile in Figure 2b, as the increased demixing tendency lets approximately,d = 27/Ag, ~ 1200 A, indicating that D-PS
surface segregation propagate through the center of the film.and PPrMA blocks are not phase-separated, when it was spin-
At this thickness ot/Ry for the film, there were nine alternating  coated on a silicon wafer. Along with the single periodic
lamellar layers formed including thinner ones adjacent to each oscillation, the fitting results indicate that a partially segregated
surface. If symmetric surface fields withy /eps= —0.12 are PPrMA layer P1) with dp; = 72 A exists near the SiO surface.
taken, then the symmetrically decaying profiles from both In close proximity to the segregated PPrMA layer on the SiO
surfaces are observed, as seen in Figure 2c. For comparisorsurface, its counterpart block, D-PS forms a 123 A thick layer
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Figure 2. Optimized profiles of lamella-forming D-PSPPrMA copolymer film at (a) 157 and ¢d) 215°C as a function of film thicknesgRy.
The surface fields are chosen as (&jb)eps = —0.12 at the substrate/polymer surfage —L/2) andH./eps= —0.01 at vacuum/polymer surface
(x = +L/2), where both surfaces attract PPrMA block; kt)eps = —0.12 andH./eps = —0.12 (symmetric case); (J-/eps= —0.12 andH/eps

= 0.12 (antisymmetric case).
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Figure 3. Theoretical decay lengttg, for D-PS-PPrMA copolymers,
whereqo denotes the wave number of the equilibrium bulk profiles.
The molecular weightM of the samples is 135 000—), 119 600
(= —-), and 75 300 --), respectively.

(P,), yielding a higher SLD increment of 5.24 1076 A2,
corresponding tapp, = 0.80 of the pure D-PS layer. This
oscillation in the total SLD profile was damped rapidly away

from the surface, and any other characteristic feature was not

at the vacuum/polymer interface in the SLD profile for=

171 °C is observed, indicating the onset of island formation.
The onset of island formation can be further confirmed by the
observation of reflectivity below the critical edge, as discussed
elsewheré? In fact, a significant reduction (dashed line in Figure
4a) in the reflectivities at the critical edge was found, when
temperatures were higher than 17Q. A distinct first-order
Bragg peak suddenly appearedjat- 0.0224 A1 between 171
and 187°C, indicative of the onset of the phase matching. As
temperature increases further to 20D (still below the bulk
Toot), the second-order Bragg reflectiongat~ 0.0368 Al

is also visible, and the intensity of the first-order Bragg reflection
becomes as high as one at the critigalAt T = 215 °C, the
third-order Bragg reflection af, ~ 0.0550 A1 is now apparent,
and no further noticeable change in NR spectrum was observed
at T > 215 °C. Note that, in order to test whether each
reflectivity at all temperatures represents a kinetically stable
structure, we scanned the reflectivity twice at the same tem-
perature, and two reflectivity curves at the same temperature
exactly matched each other, indicating that the spatial trans-
formation of the polymers is not dependent on time but on
temperature.

At T = 187 °C, a clear oscillation in the SLD profile,

observed into the film. This type of early segregation is similar coherently propagated through the entire film thickness, reaches

to the one used by Mansky et al. for D-BSoly(n-butyl
methacrylaté’f and Menelle et al. for P8-deuterated poly-
(methyl methacrylate) thin layefsThis surface enrichment of

up to the vacuum/polymer surface. From Figure 4b, one can
also see that the first oscillation from the vacuum contacting
layer gets abruptly shifted to highey indicative of a sudden

the PPrMA segments was explained as being due to strongerincrease of the total film thickness. These phenomena can be
attractive interactions between the PrMA segments and the SiOrationalized as the result of rapid evolution of the islands

substrate, as theoretically shown in Figure 2a. On the other handformation and coarsening process due to the phase mismatch
no visible surface ordering was observed at the vacuum/polymer(characterized by the total film thickness/the phase spacing)

surface but a fairly rough surface witag ~ 54 A indicates

when the transition is propagated from the layer adjacent to

that tiny topographical structures (islands or terrace) might be SiO. Because of this structural deformation at the polymer/
present. The NR Spectrum and SLD prof”es then remain fa|r|y vacuum Surface, it was difficult to determine whether there was

constant up td ~ 157°C, while the surface roughnessd) at
the vacuum/polymer is observed to increase slightly.

As T approaches the bulk pot (~225°C) of D-PS-PPrMA,
the oscillation in the SLD profile initiated from the substrate

a similar contribution of the phase correlation into the film as
at the polymer/SiO surface.

The overall qualitative features shown by the experimental
profiles in Figure 4 are in fair agreement with the simulated

propagates into the film. Simultaneously a sudden SLD increaseones in Figure 2a,b for the copolymer film with asymmetric
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Figure 4. (a) Neutron reflectivity data (symbols) of D-P®PrMA films with M = 119 600 at various temperatures. The solid lines through the
data are the best fits. The curves are shifted arbitrarily for clarity. (b) The corresponding SLD profiles are obtained from the fits of part a. The
x-axis, d, is taken from the substrate.
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0 200 400 600 800 1000 to the maxima of the peaks (narrow line in Figure 5c), from
z[A] which the decay length was calculated. When temperatures were

Figure 5. (a) SLD profile ©) of D-PS-PPrMA films atT = 171°C much bellowTLDQT, the decay lengths increased slightly but
with a hyperbolic tangent fit (line). (b) The hyperbolic tangent has been progressively with temperature. Ak approachedl por, the
subtracted. (c) The symbols are obtained from the absolute value ofdecay lengths became longer and increased rapidly. This
part b, and the maxima of the fi/rst three peaks from the substrate aregijtyation is depicted in Figure 6a, wheteshow £ values at
fitted with a decay function of € (line). the indicated temperature for the D-PBPrMA films with
molecular weightM of 119 600. In order to compare these
¢ experimental results with the theoretical ones described earlier,
& was multiplied with the characteristic wave numbgy;
obtained from the Bragg peaks of the NR. Tdageads 0.0169
d&‘l for the copolymer8 In this plot, the theoretically evaluated
&qo from Figure 3 is shown together with the experimentally
¢ deduced values. It is seen that theory and experiment are in
good agreement. However, the experimegtpldoes not show

surface fields|H-| > |H+|). A more vivid comparison of theory
and experiment can be made as follows. The extent o
propagation in the oscillation in the SLD profile can be
characterized by decay length Since we used the nine
independent layered model to generate the SLD profiles, instea
of the formulated functional form wit§ andz that appeared in
many published paperdthe decay length scale was estimate
as it appeared in ref 47. In details, the symbols in Figure 5a 2. A .
show an example of a SLD profile, Sk, at T = 171 °C dlvergencg around the bulk ordering temperature, as is the case
obtained by the best-fitting. Then, the SLD profile (line in Figure ToF the variational method suggested by Tang and Ftéed.

5a) was fitted by a hyperbolic tangent function, SEDE The same analysis was applied to the NR data for B-PS
SLD,+ SLD; tanh@X), in order to visualize the oscillation ~ PPrMA thin films with molecular weight#ls of 135 000 (see
pattern more clearly in the SLD profile. The fitted SLD profile, Supporting Information) and 75 300 (see Supporting Informa-
SLD(2), represents a SLD profile with no phase separation. Then tion). To compare these experimental results with the theoretical
the fitted line was subtracted from the experimental data, given ones,§ was again multiplied by the wave numlugy; obtained

by, ASLD = SLDeypn — SLD(2), which is shown in Figure 5b.  from the Bragg peaks of the NR, and then plotted against
Note that the phase coherenceABLD and its decaying nature  temperature as seen in Figure 6b. The characteristic wave
into the thin film are more easily visible. To obtain the decay numberg reads 0.0147 and 0.0217 Afor the copolymer of
length& of ASLD, the absolute value of the SLD density profile M = 135 000 and 75 300, respectivéfThe general trends of
was generated as shown in Figure 5c, and peaks in the profile&qy for the polymers with different molecular weights were
were identified. An exponential function; % was used to fit found to be in accord with the theoretical lines drawn together.
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In summary, we have investigated a mean-field Landau was performed at HANARO supported by KAERI, Korea, and
analysis on block copolymer films exhibiting ordering upon at NIST, U.S. Department of Commerce.
heating due to directional interactions and compressibility. There _
are certain limitations of the present theory. It is only applicable Appendix
to the weak segregation regime. The free energy functionalwas  Solution of the Euler—Lagrange Equation for Block
only obtained for lamellae and the Eutdragrange equation  Copolymer Films. The real-space version of the free energy
was solved in a linearized fashion. A variation calculation can functional in eq 1 for lamellae-forming compressible block
be introduced to add the nonlinear contributions. The resultant copolymer films after OhtaKawasaki treatment yields the
decay length is divergent at spinodals in this linearized solution. Euler—Lagrange equation as
It is quite remarkable that the present mean-field analysis,
despite its limitations, gives a molecular interpretation and U2 _ d21])l _ —,
semiquantitative predictability of phase coherence upon heatingAf_ G(x = X)p,(X)dX — B_x2 — XYt g—,wl +
and the resultant decay lengths, which were tested with the d - '
neutron reflectivity measurements and the subsequent interpreta- 51/113 —6=0 (A1)
tion of the reflectivity data. As we demonstrate here, molecular :
information can be put into theory through from the with the boundary conditions as follows
compressible RPA. The recent Landau free energy developed
by Angerman et a3 for various nanopatterned block copolymer d17)1
films can be generalized to contain molecular information in a ~PHL £ B s, =0 (A2)
similar way. It is also possible that a self-consistent field
approach may be devised in connection with the effective RPA |n eq A1,G(X) means the Green function for chain connectivity,
interactions for a compressible block copolymer system to go and the two symbols and 4, respectively, denote the vertex
beyond the weak segregation regime. The air-contact surfacefunctions in eq 1 under the conventional local approximation.

may be treated in a self-consistent way in these compressiblewe choose the simplest form of the Green function as
systems. In addition, the theory is capable of predicting pressure

L2

effects on phase coherence behavior in block copolymer films. L x=x (x>x)
These prospects are the subject of future studies. Gx—x) = 0 (x < x) (A3)
Concluding Remarks The linearized solution of the given Eutetagrange equation

Phase coherence behavior upon heating in compressiblec@n then be obtained as
diblock copolymer films has been studied for the control and _ £ .
design of nanopatterned films in a vast processing window. An ¥1() = €"(De, cOSQx + D, SiNQx) +
effective Landau free energy from a compressible random-phase e_x'g(Dc_ cosQx + Dg_sinQ2x) (A4)
approximation (RPA) approach was manipulated to obtain a
real-space free energy functional for the copolymer films with where a transformation of + L/2 — x has been done in eq
surface-monomer interactions acting as an external field. The A4. The four coefficients of eq A4 can be given from three
minimization of the free energy functional, which was first unknowns,ﬂ/l(O), 1];1'(0), ando, as
linearized in the weak segregation regime, yielded the profiles

and decay lengths of surface segregated or phase coherent 1 - EQ- ¥, (0)

copolymer films. Taking thin films of deuterated polystyrene- Der =5 ¥1(0) =59/ ()} Do =——F
b-poly(n-propyl methacrylate) (D-PSPPrMA) as a model %

system, neutron reflectivity measurements were performed to £0_ F L(_XS — )17,1(0) (A5)
compare the theoretical profiles and decay lengths with the 4BQ - 26\ 4B

experimental ones. D-PFPPrMA, which exhibits ordering upon A
heating and its suppression under applied pressure in the bulkb
state due to weak directional interactions and a finite compress-
ibility difference between constituent monomers, develops phase
coherent profiles growing with temperature and then decay _ _ 2= _
lengths from them. The chosen molecular parameters thatk = for = fo + (I — .)(E%/4B 1)/259;
characterize the copolymer in the bulk state are shown to yield fs —fs

the predicted decay lengthin accord with the experimental EQ(f e+ 1) — (fsp + 1)
values except that this mean-field theory reveals divergence of Ko= (f_—f.)

& at spinodal temperatures.

fter applying the two boundary conditions and the material
alance equatiord] is first obtained ag6/4BQ = (}/2)K1y1(0)
+ (M4)Kap1'(0), whereK; andK; are given by

(A6)

. The newly appearindjs in eq A6 are given from the limitin
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where each term appearing in this equation is as follows

1 F(E744B — 1)IEQ F K,
Oor =% O = 2
_pHBR  1FK, pH
O R -
Ver = e, Vsr = It i (A9)
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